Vicinal disulfides between sequence-adjacent cysteine residues are very rare and rather startling structural features which play a variety of functional roles. Typically discussed as an isolated curiosity, they have never received a general treatment covering both cis and trans forms. Enabled by the growing database of high-resolution structures, required deposition of diffraction data, and improved methods for discriminating reliable from dubious cases, we identify and describe distinct protein families with reliably genuine examples of cis or trans vicinal disulfides and discuss their conformations, conservation, and functions. No cis-trans interconversions and only one case of catalytic redox function are seen. Some vicinal disulfides are essential to large, functionally coupled motions, whereas most form the centers of tightly packed internal regions. Their most widespread biological role is providing a rigid hydrophobic contact surface under the undecorated side of a sugar or multiring ligand, contributing an important aspect of binding specificity.
Introduction
A disulfide bond between sequence-adjacent cysteines, known as a vicinal disulfide, is a very distinctive and interesting, but extremely rare, conformation. Adjacent Cys residues occur about as often as expected from single-Cys frequency [1] but are usually in the reduced form. Those SH groups typically point away from each other and in general are not both seen to ligand the same metal ion [2] , with an exception for mercury [3] . When adjacent Cys do form disulfide bonds, the two bonds are nearly always to different partners [4] , such as in the cystine knot motif of transcription factors [5] and toxins [6] . The vicinal disulfides studied here are the rare exceptions to all the above rules. Figure 1 shows the highest-resolution example, the conserved Cys 121-122 of the 1.06-Å arabinanase structure [Protein Data Bank (PDB) ID: 3CU9] [7] located at the active site, here occupied by a disordered glycerol.
For the most part, each vicinal disulfide has been reported as an isolated curiosity, discussed for biological function within the context of its own protein family. Sometimes they are not noticed or not commented upon, even when in a suggestive position. Early calculations implied that only a cis peptide conformation is feasible for an i to i + 1 disulfide [8, 9] , which led some studies to assume that all vicinal SS in proteins would be cis (Kao and Karlin [10] on acetylcholine receptor; Blake et al. [11] on methanol dehydrogenase). After both those cases were determined as actually trans [12] [13] [14] , some studies then assumed that all vicinal SS in proteins would be trans although somewhat twisted from 180° [15, 16] . Vicinal SS are briefly mentioned in several overall reviews of disulfides, with only trans examples given [17, 18] . The only protein structure survey we can find about vicinal disulfides [16] was early enough to identify just nine distinct examples, all then thought to be trans; it categorizes the two different trans backbone conformations as types of β turns. However, computational and NMR work on small-molecule and short-peptide vicinal SS structures describes both cis and trans forms [19] [20] [21] , and high-resolution protein examples of both types have slowly accumulated. We feel, therefore, that an updated survey and analysis of both cis and trans vicinal disulfides seems useful and timely.
The work presented here takes advantage of the greatly increased resource of high-resolution crystal structures in the worldwide PDB [22] to identify more numerous and varied examples of this extremely rare feature. Deposited diffraction data, required since 2008, enable the evaluation of electron density quality for robust separation of reliable from dubious instances. We thus can provide a comprehensive and critical structural bioinformatics analysis of both cis and trans vicinal disulfides, describing their observed conformational variety in well-verified examples along with many of their most notable and interesting functional roles.
Results

Cis vicinal SS examples and functions
We encountered these intriguing sequence-adjacent disulfides in separate work on cis-nonPro peptides [23] , which included only two vicinal SS among the 451 cis-nonPro examples in our low-homology reference datasets at ≤ 1.99-Å resolution. To expand the sample, we did a broader X-ray PDB search for Cys-cis-Cys peptides (see Methods). From over 180 Cys-cis-Cys peptides in 51 PDB files, manual examination of those results identified distinct groups of reliably genuine Cys-cis-Cys SS in 13 unrelated protein families. In addition, the search a Residue number of second Cys b C means cis. + or -is handedness of SS χ3 (see Conformations section).
Fig. 1.
The highest-resolution vicinal SS. Cys121-Cys122 (yellow) in the arabinanase structure (PDB ID: 3CU9) at 1.06-Å resolution [7] is next to a disordered glycerol (pink) at the active site. 2mF o -DF c electron density contours at 1.2σ (gray) and 3.0σ (black).
results included three Cys-cis-Cys without the connecting disulfide at 2.6-to 3.9-Å resolution (PDB ID: 2HTH, 4H65, and 4Q5Z), but for none of them was there close to adequate evidence that the peptide is actually cis. All three had very poor or missing local density and very high B-factors; two are next to chain ends, and the third has one of the Cys assigned as zero occupancy. Also, when a structure is known for a Cys-cis-Cys SS in its open, reduced form (PDB ID: 1KV3, 3SR3), the peptide has changed to trans. We conclude, therefore, that adjacent Cys are unlikely to have a cis peptide [24] . (a) Close-up of the cis vicinal SS in its clear electron density. The cis-nonPro peptide is marked by the green trapezoid. (b) Extensive, favorable all-atom contacts [25] (dot-surface patches), with the surrounding Phe rings and β strands. Fig. 3 . Cys-cis-Cys388 in the LRR Toll-like receptor of the PDB ID: 3T6Q structure [31] . The vicinal SS (gold) distorts its repeat, which contains Asn402 (blue), which links the branched carbohydrate (pink) that helps bind MD-1 lipidA-binding protein (green). conformation unless they are connected in a vicinal SS.
The highest-resolution cis examples for each of the 13 protein families are listed in Table 1 with brief descriptions. They include a wide variety of hydrolase enzymes, receptors, and binding or transport proteins, spread across vertebrates, invertebrates, bacteria, archaea, and viruses. Figure 2a shows Cys-cis-Cys352 of the PDB ID: 3HOL structure [24] in its clear electron density at 1.98-Å resolution. This cis peptide example, and seven others in related proteins, occurs in bacterial transferrin-binding proteins used to co-opt iron from the host organism [24] . The disulfide loop probably plays a structural role here, since it is beautifully packed on a six-stranded β sheet in a tight domain-domain interface (Fig. 2b) , affecting and probably stabilizing local conformation and interactions. A similarly well-packed case with a probable structure-stabilizing role is Cys-cis-Cys 169 of the 1.9-Å cytokine receptor (PDB ID: 4NN5) [26] .
That vicinal SS turns and caps the top of a Greek key β arch, tightly contacting the curving backbone and a Trp ring on the adjacent-strand β arch. Its role is analogous to the support and specificity provided by conserved Tyr-Gly H-bonded tyrosine corners that turn the β arch in other families of Greek key proteins [27] . A similar structural role is played by a Cys-cis-Cys in the viral-envelope ribonuclease (PDB ID: 4DVK) [28] and by a Cys-trans-Cys in the amidohydrolase (PDB ID: 3E2V), where the vicinal disulfides form peculiar helix N-caps [29] . Those definitely provide the N-cap function of specificity for preventing an earlier helix start, but it is unclear whether they hurt or enhance local stability. A vicinal SS is quite unfavorable in itself, but in 4dvk it creates good N-cap-type interactions in an unprecedented way: the Gln side chain at the N-cap + 3 position makes a cap-box H-bond [30] to the backbone CO of residue N-cap-2 and extensive van der Waals interaction with the disulfide (see the 4dvk-67-79_SS-N-Cap.pdb 3D graphics). In 3e2v, there are no van der Waals contacts within the local sequence, and the only H-bond across the vicinal SS is water mediated.
Besides the transferrin-binding proteins related to 3HOL, another large set of related Cys-cis-Cys SS structures comes from the Leu-rich repeats (LRR) in a group of Toll-like receptor complexes that recognize bacterial lipidA, such as the RP105/MD-1 complex of PDB ID: 3T6Q [31] . Here the Cys-cis-Cys SS may affect receptor function, because it greatly changes the shape of its LRR repeat (see Fig. 3 ), which includes Asn 402 (circled) whose attached 9-unit carbohydrate provides much of the interaction with the lipidA-binding MD-1 chain (green).
One example is found in a mature antibody: Cys27c-cis-Cys28 in a light-chain hypervariable loop of the 35o22 human-anti-HIV-1 F AB , bound to pre-fusion HIV-1 env trimer in the PDB ID: 4TVP structure [32] . At 3.1-Å resolution, its conformational details are not at all reliable, but it is almost certainly both SS-bonded and cis. The vicinal SS seems to help form a stable and unusual local structure, which closely backs up the other loops that directly bind to the protein epitope and especially its N-linked glycans.
Human transglutaminase 2 (PDB ID: 2Q3Z) [33] forms Gln-Lys crosslinks in tissue, is implicated in the pathogenesis of celiac disease, and has catalysis-independent functions in signaling and in cell adhesion. Although not at the active site, oxidation of its Cys-cis-Cys SS 371 is a major factor in enzymatic inactivation and in a large conformational rearrangement, probably promoted by disulfide exchange with the nearby Cys230 [34] . The (F/Y)CCGP sequence is conserved in five different forms of transglutaminase [33] . As usual, the reduced form, seen in PDB ID: 1KV3 [35] , has a trans peptide conformation.
In the PDB ID: 1WD3/1WD4 structures of a yeast arabinofuranosidase [36] , the Cys-cis-Cys 177 is at the active site, and its sulfurs make hydrophobic contact with the arabinofuranose bound in 1WD4.
The Ala double mutant of the vicinal SS has a lower K cat as well as lower binding affinity, and the CC sequence is conserved within the Family 54 (see Methods for the CAZy family definitions) glycosyl hydrolases [36] . Family GH43 arabinanases (such as the 3CU9 shown in Fig. 1 ) and the eel agglutinin of PDB ID: 1K12 have vicinal disulfides that bind their substrate sugars in a very similar manner to 1WD4 [36] . Those Cys-Cys peptides are trans rather than cis, have a different overall fold, and are treated in the next section.
Trans vicinal SS examples and functions
Cys-trans-Cys vicinal disulfides occur more often than cis ones. A search for i to i + 1 SS bonds within our non-homologous quality-filtered reference dataset (see Methods) identified 12 distinct trans examples (Table  2) , compared with just two cis examples. A full-PDB X-ray search at b 2-Å resolution found many more, including relatives of the original 12 and 9 new distinct, interesting cases. Most trans vicinal SS are also functionally important conformational arrangements.
Perhaps the best-known example of a biologically critical vicinal SS is in nicotinic acetylcholine receptor (nAChR), where a Cys-trans-Cys vicinal disulfide is necessary both for agonist/antagonist binding and for coupling that binding to ion-channel opening [10] . The nAChR homo-or hetero-pentameric ligand-gated ion channels mediate rapid post-synaptic neurotransmission by opening the ion channel when acetylcholine or another agonist binds between pairs of the extracellular receptor domains. nAChRs are implicated in many neurological disorders and are important drug targets [39] . It has long been known that the nAChR binding site contains a vicinal disulfide bond (C192-C193), whose redox sensitivity is strongly decreased by the conformational change that occurs on agonist binding, and that this SS occurs only in the lowest molecular-weight isoform, called α [10] . The naming convention was subsequently adopted such that by definition, the α subunits are those with the vicinal SS. Indeed, it has remained true that all functional pentamers in nAChR, and in many similar receptors across a wide variety of organisms, contain at least one α subunit, which forms the "principal" face of the intersubunit binding site [40] [41] [42] , opposite the "complementary" binding face of the adjacent subunit (note that the vicinal SS is in "Loop C", not in the 13-residue "Cys loop" that is also an important feature of the principal binding face).
Crystal structures of the extracellular domain of nAChR-α1 (PDB ID: 2QC1) [43] , and of AChBP, a closely related soluble acetylcholine-binding protein (PDB ID: 1I9B, 2PGZ, 3T4M) [12, 44] , have shown that the vicinal SS is definitively trans, that its peptide NH H-bonds to a backbone CO of bungarotoxin [43] , and that in essentially all bound states, the disulfide makes van der Waals contact with the ligand (PDB ID: 1UV6, 1UW6) [44, 45] . As shown in Fig. 4 , the SS and its Loop C moves the farthest (about 10 Å) in the allosteric conformational change underlying channel activation [39, 45] . Thermodynamic cycles for mutations, which include modifying the vicinal SS peptide backbone [46] , have recently shown that the involvement of a cis/ trans conversion in receptor function is highly unlikely, but have strongly implicated an intersubunit H-bond network between the vicinal SS NH and an Asp on the complementary face as critical to nAChR ion-channel function. In contrast with the many highly ordered, tightly packed vicinal disulfides, several other examples besides nAChR function on mobile loops or arms. Von Willebrand factor is an extremely long bloodclotting factor of disulfide-linked, glycosylated multimers. Each monomer contains over a dozen domains of four quite different types whose various proteinbinding and platelet-binding activities depend on its multimer size. That size is tightly regulated by shear flow in the blood, by calcium binding, and by partial unfolding and specific cleavage of the A2 domain. Structures of the A2 domain (PDB ID: 3GXB, 3ZQK) [47, 48] show that its Cys-trans-Cys 1670 vicinal SS is exposed at the end of the C-terminal β strand of the doubly wound α/β fold, from which the partial unfolding starts. Mutation or deletion of those half-cystines changes the response to shear stress and promotes disease states by accelerating A2 unfolding and cleavage [49] . The tight lump of the vicinal SS is proposed to act like a "shear-bolt", stabilizing the folded form only until suddenly unfolding at the appropriate level of shear stress [47] .
An even more mobile example is found in the MerA bacterial mercuric reductase. In the inactive oxidized-form (PDB ID: 1ZK7) crystals, the vicinal SS is very close above the active site disulfide and flavin [3] . In the active reduced form, the C-terminal region (red) is highly mobile, enabling the 464-465 SHs to deliver the Hg ion substrate. Here, the vicinal SS on one chain of the biological dimer (black) sits quite close to the active-site SS and flavin of the neighboring chain (blue; left). cofactor in the other chain of the biological unit, across a deep cleft in the dimer interface (Fig. 5) . In the active reduced-form (PDB ID: 1ZK9) crystals, 11 residues at the protein C terminus are disordered [3] . That mobile tail, highlighted in red, allows the reduced SH pair to access and bind incoming mercuric ion substrate, either protein-bound or in solution, and to deliver it at the active site for reduction to the uncharged nontoxic Hg 0 [3] . One large group of Cys-trans-Cys SS is the bacterial quino-heme alcohol dehydrogenases such as PDB ID: 1KB0, 1W6S, and 2AD6 [50] [51] [52] . The Cys-trans-Cys SS forms part of the central cavity in these 8-blade β-propeller structures and helps bind the pyrroloquinoline quinone (PQQ) cofactor. The vicinal SS lies between the PQQ and the cytochrome c-type heme and is reported to be essential for the long-range electron transfer [50] . As shown in Fig. 6 , both sulfurs and a Cβ of the vicinal SS make extensive contact with all three rings of the PQQ, including carbon C5 that becomes non-planar after the enzymatic reaction [52] .
The trans vicinal SS set contains two family GH43 arabinanases (PDB ID: 1GYH) from Cellvibrio japonicus [53] and (PDB ID: 1UV4) from Bacillus subtilis [54] . In each of these 5-blade β-propeller structures, the Cys-trans-Cys sulfurs provide a hydrophobic platform to bind the undecorated side of the arabinose ring, complementing the sugar oxygen interactions made by polar side chains. The equivalent vicinal SS is also present in the Geobacillus stearothermophilus family GH43 arabinanase of PDB ID: 3CU9 (Fig. 1 ) and PDB ID: 3D61 [7] . In the fucose lectin of eel agglutinin (PDB ID: 1K12) [55] , a small trimeric Greek-key β protein, the Cys-trans-Cys SS sits just below the bound fucose, interacting with its C1 and C2 ring atoms. See interactive graphics of 1k12_SS-fucose.pdb or 1k12_SS-fucose.pse to view this arrangement in 3D. The RGDCCGER sequence is conserved in a number of related proteins [55] . The vicinal SS of the pullulanase TIM-barrel domain (PDB ID: 2FHF) [56] also helps bind the carbohydrate substrate, but instead of lying directly below a specific sugar ring, the disulfide makes multiple, somewhat looser interactions with both SS and backbone, which appear to help curve the branched oligo-glucose chain around it. Given the similar vicinal-SS-to-ligand interactions in the quino-heme alcohol dehydrogenases above and in the arabinofuranosidase cis example, there are five cases of such ligand binding in five quite different protein folds. See Discussion section for further comparisons and comments.
Conformations of backbone and SS
A disulfide conformation is described by the succession of χ1, χ2, χ3, χ2′, χ1′ side-chain dihedral angles, where t means near 180°and + or -means near ± 60°( ± 90°for χ3). All trans vicinal SS cases we checked adopt a ++-+-SS conformation, which is nearly compatible with the 3.8 Å Cα-Cα distance of a trans peptide (the examples average 3.74 Å). The dominant conformation for cis examples is t-+-, with three cases of t+-+-, each of which can provide the shorter 2.95 Å Cα-Cα separation across a cis peptide (the examples average 2.92 Å). peptide. Each example is very clearly one conformation or the other, with no evidence in the electron density for conformational heterogeneity or exchange in either SS or backbone. However, both cis and trans examples often show evidence of an alternate conformation with the SS bond broken, which is a common result of synchrotron radiation damage [60] .
An early NMR study showed these same four conformations for a vicinal SS dipeptide in solution, as assessed by chirality of the SS (χ3) and dipolar couplings around the angles at Cα [20] . Those three NMR-measurable dihedral angles turn out to distinguish all accessible conformations of the seven variable parameters in a vicinal SS. Overall, trans was seen as preferred to cis by 1.5:1. Within folded proteins with crystal structures, we see a much stronger preference for trans over cis, on the order of 4:1. A similar imbalance between solution peptides and folded proteins is also seen for the more statistically significant cis-Pro case (15-20% versus 5%) [61] , presumably because most proteins have evolved to avoid the kinetic folding problems of requiring a slowly converting conformation disfavored in solution [62] .
Within cis, NMR showed the plus χ3 conformer preferred to the minus χ3 by 3:1. The crystal structures completely define the eight-membered ring conformations, and we see that plus χ3 (C +) is preferred to minus (C-) in the disulfide portion (i.e., more t-+-than t +-+-) by 10:3 examples in our small dataset, with essentially identical backbone conformations, matching the 3:1 NMR ratio of C+ to C-.
Within trans, Creighton [20] finds all χ3 minus but detects two distinct but incompletely defined conformer states for ψ1 and ϕ2 at a ratio of 3:1, with the acetylcholine receptor example in the commoner form. Out of 12 unrelated examples of Cys-trans-Cys-SS, we find 9 that match acetylcholine receptor (Tx), and 2 in the other conformation (Tz). One case (PDB ID: 1ZK7) differs from both; it is quite mobile, has fairly strong but ambiguous electron density, and shows dihedral outliers, so it is omitted from our conformational analyses.
We find that in trans, the SS stays about the same for conformations with different peptide directionality. The commoner type (as in acetylcholine receptor) looks like an X in projection from above the SS, while the less common form configures SS and backbone in nearly aligned Z shapes, so the forms are very easy to tell apart ( Fig. 6c versus d) . As labeled in Fig. 6 , we suggest calling the four conformations C +, C-, Tx, and Tz. This agreement between solution peptide populations and crystal structure protein populations is satisfyingly close, except for the above-noted difference that the crystal structures show a considerably higher preference for trans over cis.
As noted in the Introduction, the 2003 review of trans vicinal disulfides by Carugo et al. [16] categorizes their examples as having either type VIII or type II β-turn conformation. In our dataset, the trans Tx examples have an average i to i + 4 Cα-Cα distance of 6.5 ± 0.6 Å, indeed under the 7-Å definitional cutoff for a β turn, although the Tz average is 7.9 ± 0.8 Å. The Tx acetylcholine-binding vicinal SS case has ϕ,ψ (1) and ϕ,ψ (2) values within the 60°ranges defined for type VIII turns, but no other examples match either type VIII or type II. Additionally, no case has a β-turn H-bond, so that "turn" no longer seems the best description. Somewhat unintuitively, the cis vicinal SS have even more extended backbones than the trans, with a mean i to i + 4 Cα-Cα distance of 8.3 ± 0.6 Å for C + and 8.8 ± 1.2 Å for C-. They often occur in or at the end of β strands. Table 3 lists the above and other parameters for each of the four conformational types of vicinal SS, flagging those that deviate from the ideal with p-values of b 0.01 (see Methods). All of these vicinal disulfide conformations are shown to be possible by their occurrence in clear, high-resolution electron density for peptides in non-homologous structures at better than 2-Å resolution. However, their extreme rarity and distorted geometries imply that they are probably quite strained. For cis examples, the conformation is already less favorable, but they have ω quite close to planar (averaging + 4°for C + and − 1°for C-). However, the trans peptides are twisted by an average of + 23°in Tx and − 17°in Tz with no example within 10°of 180°; this is the largest departure from ideality that we find. To understand this effect, we constructed ideal-covalent-geometry models of trans and cis Cys-Cys peptides, with rotatable ϕ, ψ, and χ1 conformational angles set to the average of each of the four observed forms. For trans, the S atoms are much too far apart to bond (3.4 Å). Adding the observed 23°twist in ω brings the sulfurs much closer (2.4 Å), because that twist swings the two Cα-Cβ bond vectors toward one another. The final adjustment to allow an SS bond is achieved by a consistent pattern of tightening both covalent bond angles across the peptide by an average of − 2.2°and both angles internal to the ring at Cα by an average of − 2.4°. For the two cis conformational forms, the Cα-Cα 1-2 distance across the peptide more closely matches its ideal of that typical for cis-nonPro, but when they are built in ideal geometry, either the S atoms are much too close together or the χ angles are very unfavorable. The necessary adjustments in bond angles and dihedrals seem to follow a less consistent pattern than for trans, and the lower resolution and fewer examples in cis prevent a clear analysis. The near planarity of ω in the C + and C-conformations can, however, be rationalized by the fact that an ω twist from cis happens to be much less effective in swinging the Cα-Cβ bond vectors than a twist from trans. Like many other rare and energetically disfavored conformations [63, 64] , these genuine and conserved examples of vicinal disulfides are very likely to be functionally important in some way, as we have seen for both cis and trans examples described above.
Conformational switching
Given the possibilities both of disulfide oxidation/ reduction and of cis-trans isomerization, there could be scope for functionally relevant switching in vicinal disulfides of the sort that has been shown for cis-prolines, where isomerization produces a slow step in protein folding [62] and can control biological clock functions [65] . However, we found no authentic cases of a dynamic switch between cis and trans vicinal SS conformations, either as alternates or between equivalent structures or substantiated in the literature. Presumably, that barrier would be extremely high with the eight-membered ring in place. There were, however, cases where the backbone conformation was originally misassigned and subsequently corrected, as described in the Introduction. There is also a dodecamer structure (PDB ID: 2WYR) where 10 of the chains have a well-built cis vicinal SS and the other 2 are incorrectly fit as highly twisted trans, in spite of CO density clearly indicating cis. For the less dramatic peptide flip between Tx and Tz conformations within trans, there is a switch on the evolutionary time scale among family GH43 five-bladed propeller arabinanase enzymes, between Tx in 1UV4 and Tz in 1GYH and 3CU9.
Oxidation/reduction of vicinal disulfides does happen quite frequently, but the only case in our set that is definitely part of a dynamic, directly catalytic redox cycle is in the 1ZK7 mercuric reductase of Fig. 4 . In the 2Q3Z transglutaminase, the vicinal SS does not directly take part in catalysis, but its oxidation is coupled in a complex manner with inactivation and conformational change. For other examples (e.g., acetylcholine receptor), the protein is inactive if the disulfide is reduced, but reduction is not a normal part of the functional cycle. An interesting case has been described, which could be more general, of a non-native vicinal disulfide as the major intermediate (accumulating to as much as 60%) during the folding of a small cystine-knot protein [66] . In contrast, for transglutaminase, a separate disulfide is apparently an intermediate in forming the vicinal one [33] . In the bone morphogenetic Zn protease of PDB ID: 3EDH at 1.27 Å [37] , the Cys-cis-Cys 65 SS and another residue on each side show clean electron density for each atom at half of full-occupancy height (some atoms modeled at 50% occupancy), but there is no indication of an alternate conformation. The SS is very close to the Zn site but with a bound DMSO in between. This loop is completely disordered in all other structures of bone morphogenetic Zn protease, so it is not known whether the disulfide is broken in those forms. At a more trivial level, many vicinal SS examples show difference density peaks, indicating an alternate conformation with the SS bond broken; as noted above, that is a very common result of synchrotron radiation damage and may or may not indicate instability in vivo.
There is one protein in our dataset for which the vicinal disulfide is genuinely formed in one chain of a crystal structure and broken in other chains. That is the Cys-cis-Cys 302 SS seen in chain B of the 1.5 Å PDB ID: 3SR3 MccF microcin C peptidase, which is reduced and trans in chain A and is also reduced in all four other crystal structures of MccF [38] . The electron density (2mF o -DF c ) is very clear for the conformation modeled in each chain of 3SR3, but difference peaks (mF o -DF c ) show a small component of the other form in each case, indicating that this change is a dynamic equilibrium. The two different states in chains A and B of 3SR3 are illustrated in Fig. 8 , in stereo. Nocek et al. thoroughly discuss the catalytic and evolutionary aspects but do not mention the vicinal disulfide.
Microcin C is a bacterial heptapeptide-adenylate, Trojan-horse antibiotic. The peptide allows uptake into other bacterial cells, where it is processed down to a C-N-linked aspartyl-adenylate that inhibits Asp tRNA synthetase. MccF is a serine peptidase specialized to cleave the amino-acid to nucleic-acid linkage and detoxify either intact or processed microcin C, thus protecting the bacterium that produces the antibiotic or providing resistance in a target cell (in this case, Bacillus anthracis). MccF has a Ser-His-Glu catalytic triad backed up by a Tyr OH that H-bonds with the Glu to help orient it and spread its buried charge, analogous to the classic trypsin-like Ser-His-Asp plus Ser [67, 68] .
The adjacent Cys residues in MccF immediately precede the catalytic His 303 and are normally in the trans SH form shown in Fig. 7a , with an intact and functional catalytic triad. When the Cys-cis-Cys SS forms (Fig. 7b) , it greatly changes the backbone conformation, pushes away the Tyr (its OH is replaced by water), disrupts most of the charge-relay H-bonding, and disorders both the His and the Ser. This form would surely be almost totally inactive.
The vicinal disulfide formation in 3SR3 chain B is presumably an unintended crystallographic artifact in this case; the apo W180A 3SR3 crystals grew from slightly different precipitant (although not obviously any more oxidative) and in a different space group than the other four MccF structures. However, the SSbonded form in 3SR3 chain B suggests a strategy of introducing adjacent Cys to design brute-force, redox-sensitive inactivation of enzyme active sites. A similar idea, but without prior evidence for the extent of disruption, has been used to modestly inhibit ribonuclease A on changing redox state, for a Cys-Cys mutant on the N-terminal helix [69] .
Discussion
Although extremely rare, vicinal disulfides are very distinctive and easy to identify. They can be located either in very tightly packed domain interiors or on relatively mobile loops. It should by now be completely uncontroversial that they can occur in proteins with either a cis or a trans peptide, more frequently trans. Each peptide form apparently has just two possible conformations, differing in peptide orientation for trans and in SS-link handedness for cis.
In crystal structures, the assignment of whether adjacent Cys are SS-bonded or not is very reliable at any resolution unless there is local disorder. By NMR, such assignment can be made reliably for an isolated pair (e.g., in Wang et al. [15] for the PDB ID: 1DL0 J-atracotoxin) but is very difficult where three or four Cys are very close together as often true in small SS-rich toxins and hormones. For example, in the 4-Cys cluster of PDB ID: 1M4F hepcidin [70] , Cys13 and Cys14 were assigned as SS-bonded. However, the 1.9-Å PDB ID: 3H0T F AB -complex crystal structure, along with painstaking chemical, NMR, and mass spectrometry analyses [71] , showed that the hepcidin connectivity is actually 13-10 and 14-22. In contrast, NMR assignment of the detailed stereochemical conformation is probably more reliable than in crystal structures with resolution worse than about 2.5 Å. We have not evaluated SS connectivity for all NMR structures, but to our surprise, there are no demonstrably genuine vicinal SS examples in crystal structures of small SS-rich proteins, so presumably, they are quite unusual in that context. Each vicinal SS found is worth noting and its possible functional role considered, especially if the sequence of two adjacent Cys is conserved in related proteins. Many known examples have been demonstrated to be essential for function in important systems, by a very wide variety of mechanisms, as described above. Others are apparently structural elements or are suggestively near a functional site but without a demonstrated mechanistic involvement. We found no cases of peptide cis-trans conformational switching. There are two cases of a verified redoxactive functional coupling -catalytic for mercuric reductase and conformational for tissue transglutaminase. In contrast, for acetylcholine receptor and for von Willebrand factor, the essential vicinal SS remains bonded during conformational change of the protein. Unexpectedly, the most widespread functional role we find for vicinal disulfides is in the specific binding of sugars or other ring ligands.
Although binding of saccharides is often described only in terms of the polar hydrogen bonds, hydrophobic interactions are also important components of specificity. A sugar ring can be thought of as "bar coded" by which positions have attached OH groups and whether each OH is up or down. An interaction such as these seen for vicinal disulfides (Table 4 and Fig. 9 ) can prohibit binding for a ligand with an axial OH rather than an H substituent at one or more of the contacted ring positions. Thus, in combination with H-bonding groups to recognize positions that do have an OH, the vicinal SS can require non-OH positions.
This same negative but specific recognition function is often provided by a tryptophan or other aromatic side chain. However, a vicinal SS is perhaps even harder to move out of the way if the wrong ligand tries to bind, pushing the sugar out of position for the specificity H-bonds to ring OHs. A vicinal disulfide acts conformationally rather like a super-sized proline ring that can rigidly organize a connected region of side chains and backbone.
Methods
Our starting reference dataset of 6765 protein chains is the Top8000_SFbest_hom50 list [64] , available on GitHub at http://github.com/rlabduke/reference_data. That dataset is quality-filtered at the chain level by requiring ≥ 38 residues, deposited diffraction data, resolution b 2.0 Å, MolProbity score b 2.0 [72] (which balances all-atom clashes, Ramachandran, and rotamer criteria), ≤ 5% of residues with bond-length outliers N 4σ, ≤ 5% with bond-angle outliers N 4σ, and ≤ 5% with Cβ deviation outliers N 0.25 Å. To control redundancy, within each PDB sequence-homology cluster at the 50% level as of March 29 2011 , only the best otherwise-acceptable chain is included, based on the average of resolution and MolProbity score. Since local quality varies greatly within each structure, individual residues are filtered by requiring no all-atom steric clashes and no atom with a B-factor ≥ 40, a 2mF o -DF c map value ≤ 1.1σ, or a real-space correlation coefficient ≤ 0.7. The Top8000_SFbest_hom50 list included only 2 cis and 12 trans vicinal disulfides. To expand the examples, we have done two further searches. For cis cases, the search was across the entire X-ray PDB for Cys-cis-Cys peptides, starting from our previously defined cis-nonPro peptides [23] and resulting in the 13 separate Cys-cis-Cys protein families of Table 1 . For trans cases, the original 12 of Table 2 were augmented by a search for i to i + 1 SSBOND records in the headers of current X-ray PDB files at b 2.0-Å resolution, resulting in a further 9 examples with quite distinct functions (PDB ID: 1K12, 1TG7, 1US4, 2ZWS, 3RPW, 3W15, 3ZZY, 4IHM, 4LQK). To improve coverage in the geometry statistics of Table 3 , we included three further related but non-identical structures for cis (2Z63, 3V8U, 4DW5) and six further for trans (1W6S, 2QC1, 2VWS, 2WN9, 3CU9, 3ZQK).
For the conformational comparisons in Table 3 , ideal values of amino-acid bond angles are taken from Engh and Huber [73] . Ideal angles and dihedrals across the SS bond are from Sobolev et al. [74] , and χ1 values for Cys are from Hintze et al. [64] . For cis peptides, ideal backbone bond angles and Cα-Cα 1-2 distance were determined from mean values in 400 cis-nonPro quality-filtered examples. Geometrical parameters for the vicinal SS examples were provided from Phenix [75] . Within each conformation, significance of mean deviation from ideal values was determined by one-sample t-tests done with functions in the NumPy library [76] . In Table 3 , deviations up or down are in boldface and flagged with N or b symbols for p-values b 0.01. We use a 1% cutoff rather than the usual 5% because some of these data show quite non-normal distributions. Entries with p-values b 0.001 are also italicized and underlined.
The vicinal SS cases were examined and verified in the KiNG molecular graphics and modeling program [77] , with display of validation markup from the MolProbity website † [72] , electron density contours (usually at 1.2 and 3σ) and difference density contours (at ± 3.5σ), and all-atom contacts [25] for which explicit hydrogens were added and optimized in Reduce [78] . The rotatable ideal-geometry dipeptides were produced and studied in the Mage interactive display program [79] .
Figures were produced as KiNG output, somewhat modified in Adobe Photoshop.
To describe carbohydrate-active enzymes and binding proteins, we use the CAZy website ‡ [80] , which provides the accepted classification of these proteins into families based on sequence, structure, and function relationships.
